We analyze extragalactic extinction profiles derived through gamma-ray burst afterglows, using a dust model specifically constructed on the assumption that dust grains are not immutable but respond time-dependently to the local physics.
Introduction
A powerful way of studying dust properties, and in principle to discriminate among different dust production sources, is through the extinction of stellar light as a function of wavelength. Accurate measurements of InterStellar Extinction Curves (ISECs) are almost exclusively limited to our Galaxy (e.g., Fitzpatrick & Massa 2007, and galaxies in the Local Group (e.g., Clayton et al. 2015) because at greater distances it becomes impossible to obtain the photometry or spectroscopy of individual stars needed for extinction determinations. Derivations of interstellar dust properties of the interstellar medium in high redshift galaxies focus on the study of either the whole galaxy, or within absorption systems along a single line of sight to distant quasars. In the first case dust extinction is inferred from composite emission spectra, and it is the result of blended events of gas and dust absorption, emission and scattering. Thus, the resultant observed stellar dimming is not produced by a true extinction law, but rather by a dust attenuation profile that is highly dependent on the geometric distribution of the dust, gas and stars (e.g., Calzetti et al. 2000) . Direct measurements of the interstellar dust properties in high redshift galaxies performed along a single line of sight to quasars typically suffer from the relatively complex spectral shape of these objects, which makes distinguishing dust from intrinsic color variation very challenging (e.g., Hjorth et al. 2013) .
Such difficulties are in part relieved observing the deep and point-like line of sight to a Gamma-Ray Burst (GRB) afterglow. GRBs are intense bursts of extremely high energy observed in distant galaxies, the brightest explosive phenomena in the Universe, followed by a longer-lived afterglow emitted at longer wavelengths from X-rays to the radio domain.
Bursts that last more than a couple of seconds are known as long-duration GRBs, and are associated with core-collapse supernova explosions. Long duration GRBs have spectra with simple shapes, basically a featureless broken power-law from the X-ray to the near infrared, with a rising and decaying behavior (e.g., Gao et al. 2015) . They have high intrinsic brightness, and generally occur in dense, star forming environments, making these events ideal in the study of extinction properties of interstellar dust on a cosmological scale.
To interpret the extinction curves of GRB hosts many studies assume empirical templates, such as the average galactic ISEC (e.g., Stratta et al. 2011 ). An alternative approach that does not require such a strong assumption has been put forward by Li et al. (2008) and Liang & Li (2010) , who exploited a parametrized functional form for the normalized (to the visible) extinction, the so-called Drude approach. The description consists of three separate contributions to far-ultraviolet extinction rise, 217.5 nm bump, and near-infrared/visible extinction, respectively, shaped by four dimensionless free parameters.
This prescription is similar to the Fitzpatrick & Massa (2007) parametrization from which differs essentially for the lower number of free parameters, and the more extended (at lower frequencies) domain of applicability.
One of the major problems in the study of GRB dust is the paucity of photometric or spectroscopic data, that in some cases are outnumbered by model parameters. In those situations Liang & Li (2010) measure the goodness of their model fit reducing the χ 2 by the number of data (instead of the free parameters). This is conducive to possibly incomplete pictures of the observables. However, such an unsatisfactory situation is alleviated by the a priori choice of the extinction profiles, either templates (less number of parameters, but morphologically stiff) and empirical parametrizations (more flexibility). It is unfortunate that the single parameter Cardelli et al. (1998) recipe is only valid for the Milky Way Galaxy (MWG), failing when applied even to our closest neighbourhoods (Gordon et al. 2003 ).
The sparsity of data implies that, given the complexity of the underlying physics and chemistry, any physical dust forward model totally overfits the data, and therefore it cannot be applied directly to the observations. Thus, we assume the extinction profile derived by Liang & Li (2010) using the empirical description inferred via the Drude approach, and (try to) unfold such synthetic description of dust into physically well-grounded properties. The validity of the physical properties we obtain therefore obviously relies on the validity of the assumed Drude model.
The sample of GRB host galaxies considered in the Liang & Li (2010) study are located at redshifts z 2. Then, the use of both templates and empirical representations relies on the reasonable assumption that the nature of dust has not changed that much in the last 10 Gyr. In fact, gathering together data collected in the last decades, it is evident that, whatever the method exploited to derive dust attenuation, the amount of dust in the Universe increases from the earliest epochs to reach a maximum at z ∼ 1 − 1.5 (Burgarella et al. 2012) . At about z ∼ 3.5 the dust content reaches about the same level as measured in the local Universe. Beyond z = 4 the dust presence fades with increasing redshifts. The dust attenuation peak appears to be delayed by approximately 2 − 3 Gyr with respect to the cosmic Star Formation Rate (SFR) density (e.g., Bouwens et al. 2010) .
A natural way to reconcile the epoch of the maximum SFR with the dust attenuation peak is to suppose that dust is produced by intermediate-mass long-lived stars in the redshift range z ∼ 1.5 − 3, linked with the fast drop of dust at z < 1 because of the decline of new star formation from z ∼ 2. Even allowing for a net positive contribution from supernovae to the dust budget (see e.g., Matsuura et al. 2015) , we still expect interstellar dust to be mostly composed of the familiar heavy elements, i.e. "silicates" and "carbons" Our purpose in this work is to explore the sensitivity of normalized ISEC shapes observed during GRB events to the relative abundances of dust grain components, using a dust model in which the various component contributing to the interstellar extinction are related and respond to the local physical and chemical conditions in the interstellar medium of galaxies. In Section 2 we present data and modelling procedure, in Section 3 we show and comment our results, and finally the conclusions are reported in the last Section.
Extinction data and modelling
The extinction data are a collection of empirical ISECs derived by the analysis of GRB afterglows by Liang & Li (2010) . These authors exploit a parametrization recipe The application of a model consisting in a mixture of separate silicate and graphite grains (Mathis et al. 1977 , see Liang & Li 2010 for details) do not provide evidence for the evolution of the dust with redshifts, and then with the cosmic epoch. However, a curve-fitting approach does not discriminate well between the various potential dust models considered by Mathis et al. (1977) . To this aim we need a dust model specifically constructed on the assumption that dust grains evolve in space.
Dust grains are formed in the envelopes of cool stars and in novae and supernovae, and than the other timescales -associated with the rapid and partial removal of the carbon layers and recycling in the gas-phase when the dust grains pass through a shock.
The whole process providing the "instantaneous" grain model needed for the fitting procedure is summarized in a set of differential equations describing carbon deposition onto After performing a successful fit on one of the original data sample, we perturb it by a random Gaussian noise, and repeat the fit on the perturbed data. The procedure is iterated to obtain synthetic statistics. In some cases, the fit to the perturbed data results in a better match of the original data. This allows the possibility to discover local minima or saddle points. In such events, the procedure is restarted using the set of "perturbed" Finally (as discussed e.g., in Mulas et al. 2013) there is not a unique mixture of the PAHs in our sample that best fits a given extinction curve, but manifold PAH mixtures that all fit it very nearly equally well. While it is impossible to constrain the precise composition of PAHs using only the extinction curve, we can instead constrain rather precisely some of the PAH properties as a group, such as e.g., the total column density N PAH C of carbon atoms in all species, the relative contributions of classical dust and PAHs to the modelled ISECs, and the average charge per carbon atom,
C of the molecular ensemble; q i , N i , and N i C are charge, column density, and number of carbon atoms for the i−th PAH molecule, respectively.
Results

Applying the dust model outlined in the previous Section (hereafter termed [CM]
2 ) we Finally, the absolute PAH column density is not related to any other quantities. 
Discussion and Conclusions
We analyzed a relatively small sample of lines of sight towards GRBs exploiting the [CM] 2 dust model, and we interpret the results of the fitting procedure through an evolutionary prescription based on the carbon cycle in the interstellar medium of galaxies.
The novel aspect of this work is that in the dust model used, the PAHs and other atoms and fragments of erosion are part of the natural circulation of carbon in the interstellar medium between gas and solid phases. In this latter phase the mantle thickness and its The results of the fitting procedure shown in the preceding Section may be naturally interpreted in the framework of the carbon cycle outlined above. The results shown in Figure 1 seem to suggest that carbonaceous mantles are increasingly aliphatic with increasing SFR considered as a reliable measure of the galactic activity. Thus, the mantle annealing timescale must be almost always much longer than the average time between mantle shattering events. The annealing time is defined by the competition between energetic processing by ultraviolet radiation and re-hydrogenation by hot H atomic gas, turning aromatic carbonaceous material back into aliphatic. In the MWG, re-hydrogenation was deemed to be by far negligible, but this appears not to be the case in the majority of lines of sight towards the GRB events considered here. Since the SFR increases with increasing redshifts (in the range of redshifts considered in this study), "far" dust loses the aromatic character pervading quiescent galaxies such as the MWG.
It is important to realize, however, that dust properties determined using GRBs are not totally representative of the conditions in the host galaxies. Moreover, sometimes host associations are uncertain (e.g., Holland et al. 2010) . k , while the annealing rate to the intensity of the local radiation field X (e.g., in units of the Habing's field). Thus, the increase of X by a factor e.g., hundred is balanced by a corresponding increase in the gas pressure (incidentally consistent with the required larger radiation energy deposition). The ISEC towards GRB061121 appears to be then consistent with the presence of a photon-dominated region, not at all incongruous since GRB events are often associated with star-forming regions. It is worthwhile to note that GRB061121 presents the lowest charge dispersion and one of the highest positive charge of the PAH mixture.
More interesting is the well-defined increase of N PAH C /A V with the redshift z. Such increase should be read in relative terms, as a major contribution of PAHs with respect to the classical dust grains. If we compare the aromatization fraction of mantles with the fractional concentration of PAHs (Figure 4) we note the existence of two separate regimes, one characterized by f sp 2 close to zero, the other one associated with positive f sp 2 values.
In the first case, it is not apparent any clear correlation, while in the second case f sp 2 grows with N PAH C /A V . This latter trends is characteristic of low activity galaxies, as supported by the anticorrelation of f sp 2 and SFRs. In the first case, the situation is reminiscent of the environments of the LMC and SMC, i.e. the carbon recycling time must be much shorter than the local photo-darkening time.
From a physical point of view the uncorrelation of f sp 2 with the PAH concentration evidences a potential problem in our description of the carbon cycle in galaxies posed by the sharp decline of the source of aromatic material in the diffuse interstellar medium, since most dust mantles are destroyed before they experience substantial annealing. Since PAH formation rates in the cold, carbon-rich winds of evolved stars are too slow, the injection time being approximately 2 Gyr, such component must grow in the diffuse medium or be formed by another yet unknown mechanism. Such a mechanism may be connected to the fate of the plethora of aliphatic fragments released by shattering events. They could evaporate into polyyines, and thereafter quickly photodissociated as proposed by Duley & Williams (1984) , or survive as a population of nanoparticles for a significant time contributing trough σ ⋆ ← σ transitions to the far-ultraviolet rise (but not to the bump).
This additional component, missing in the current version of the [CM]
2 model may recover the failures in those lines of sight exhibiting extraordinary far-ultraviolet rises. Over time, depending on the competition of collisional (destruction) and radiative (structural transformation) events this population might be (partially) converted into PAHs.
The lack of correlation of the 217.5 nm bump with redshifts evidenced by Liang & Li (2010) may be easily explained by the combined action of the classic and molecular components. In other words within the [CM] 2 model an increase in the PAH column density does not translate straightforwardly in an increase of the bump intensity.
In conclusion we model the ISECs inferred along a sample of lines of sight to GRB afterglows with a synthetic population of dust grains consisting of core-mantle particles and a collection of free-flying PAHs, providing excellent fits. While this result is not particularly interesting, the retrieval of dust physical properties through the application of the [CM] 2 forward model produces a solid base on which to discuss the nature of dust in the local and distant Universe. The major results of these work are: (1) there is tendency in the chemical structure of carbon dust to become more aliphatic with the galactic activity, and to some extent with increasing redshifts; (2) the contribution of the molecular component (PAHs) to the total extinction is more important at early times. Along some lines of sight the lack of any relation between mantle aromatic fractions and relative abundances of PAHs suggest the existence of a transient aliphatic carbon component.
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